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PROBLENS OF EVALUATION OF DIFFEXENTIAL ANGULAR CORRELATION 
MEAS-S WITH A FOUR-DETECTOR APPARATUS AND 

INTXSTIGCLTIONS WITH Yb-172 

H .F .Wagner 

ABSTRACT. 
measurements a r e  derived and discussed. 
applied t o  the  problem of a four-detector apparatus, using 
a d i g i t a l  computer program. The f u l l y  t ransis tor ized auto- 
matic control of t he  apparatus i s  described i n  de t a i l ,  with 
discussion of d i f f e ren t i a l  measurements of the  XI3 - 1095 Kev 
cascade of Yb17'. 
= 4-0.003 * 0.025 are  given, with T* = (8.34 f 0.20) ns for  
the  1174 Kev level.  

Formulas fo r  d i f fe ren t ia l  angular correlat ion 
The formulas a r e  

A s  result ,  Az(0) = -0.065 * 0.021; A 4 ( 0 )  = 

I. INTRODUCTION 

One of the  most important methods f o r  obtaining information on t h e  data  of 
excited nuclear leve ls  consists i n  an investigation of gamm-gamma angular cor- 
re la t ions.  
the d i f f e ren t i a l  coincidence measuring technique. 

For th i s ,  two experimental methods a re  available: the in t eg ra l  and 

O f  these two procedures, the  d i f fe ren t ia l  method permits a time resolution 
of the  angular correlation and thus furnishes a poss ib i l i ty  of measuring the  
d i f f e ren t i a l  attenuation factors A,. 
t heore t ica l  i n t e re s t  since, on t h e i r  b a s i s  and w i t h  t he  a id  of t he  theory of 
perturbed gamma-gamma angular correlations, it becomes possible t o  obtain state- 
ments on f i e l d s  existing a t  t he  nuclear s i t e  and, i n  favorable cases, t o  calcu- 
l a t e  t he  moments of excited nuclear leve ls .  

Their accurate determination i s  of great 

For an accurate measurement o f  these parameters h k ,  our study group con- 
structed an apparatus, working with four detectors and four coincidence cir-  
cuits.  This arrangement, compared t o  setups with two detectors, reduces the  
s t a t i s t i c a l  error  of the  t e s t  data by a fac tor  of 2. 

The present paper gives a description of the  various par ts  of t h i s  four- 
Other detector apparatus and discusses the  processing of t he  resultant data. 

par t s  of the  instrument a re  described i n  the thes i s  by K.Krien (Ref.12). 

The discussion of the  data processing i s  subdivided i n t o  two parts:  
first part ,  a l l  f o r d a s  describing the t h e  course of d i f f e ren t i a l ly  measured 
angular correlation coefficients a r e  systematically derived and discussed. 
i s  done i n  Section 2 of t h i s  paper. In the  second part, the  computer programs 

I n  the  

This 
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required for  data processing are described, with main emphasis on an expansion 
and matching program based on the formulas introduced i n  the f irst  part. T h i s  
will be discussed i n  Section 4. 

In Section 5, a d i f f e ren t i a l  angular correlation measurement with t h e  four- 
detector instrument on the  203 - 1095 Kev cascade of ytterbium-172 w i l l  be re- /2 
ported, whose interpretat ion i s  based on the  introduced f o r d a s  and the de- 
scribed computer program. 

11. INTRODUCTION OF THE MOST lMpoRTANT EQUATIONS FOR 
DIFFERENTIAL COINCIDENCE MEASIJRENEXTS 

1. Perturbed and Unperturbed Gamma-Gamma A n a l  ar Correlations 
and t h e i r  Measurinp Techniques 

By the concept of gamma-- angular correlation we mean the  following 
phenomenon: 
succosdvo 
c u h h  m I l ) - i O P I S e  

If a nucleus gives off i t s  excitation energy under emission of two 
Quanta, the  two emission directions will be correlated under 

This means tha t  the angle 8 between the two emission di- 
rections can ociur only with a probabili ty W ( 8 )  
which depends on the spin of t he  par t ic ipat ing 
levels  and on the mult ipolar i t ies  of the  two gamma 
transit ions.  One generally d i f fe ren t ia tes  between 
unperturbed and perturbed angular correlations, of 
which each requires a d i f fe ren t  measuring method, 
d t h e r  the in tegra l  o r  the  d i f f e ren t i a l  coincidence 
technique. 

Unperturbed angular correlations a re  observed 
In  nuclei which, i n  the intermediate s ta te ,  do not 
interact  with external f ie lds .  
magnetic sublevels of the  intermediate s t a t e  a r e  
degenerate and the nucleus re ta ins  i t s  spa t i a l  
orientation. In  tha t  case, the theory (Ref.1) 
shows that  W ( 8 )  can be expressed by an expansion i n  
Legembe polsrrmdals of the following form: 

I n  t h i s  case, the  

A perturbation of the an@ar aorrdstion a- occurs whenever f i e l d s  ex- 
ist  a t  the  nucleew site with which the nuclear m t s  are able t o  interact .  
This w i l l  cancel the degeneration of the intermediate l eve l  and t he  nucleus be- 
comes able t o  change i t s  orientation by t rans i t ions  between the  sublevels. The 
degree of the  resul tant  perturbation will be dependent on duration, intensi ty ,  
and nature of t h e  interaction. 

These three parameters, a t  perturbed angular correlation, must be contained 
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. 
i n  the  expression fo r  the probabili ty dis t r ibut ion of t he  angle 8. 
notes the  duration of t he  interact ion and i f  the  parameter s expresses i t s  type 
and intensi ty ,  then W ( 8 )  must change over i n t o  W ( 8 ,  T, s). 
it i s  generally no longer possible t o  derive a simple expansion i n  Legendre 
polynomials . 

If T de- 

For t h i s  expression, 

Application of t h e  in tegra l  measuring method i n  the  presence of perturba- 
t ions  i s  useful only if these perturbations a r e  so small that, i n  good approx- 
imation, W ( 8 )  can be written fo r  W(a, T, s ) .  T h i s  w i l l  be possible a t  weak in- 
teract ions and short l ifetimes.  
approximation i s  no longer permissible so t h a t  t he  method of d i f f e ren t i a l  coin- 
cidence technique must be used, which permits a measurement of the angular cor- 
re la t ion  a s  a function of t he  interaction time 7. Here, T i s  determined by t h e  
delay time in te rva l  exis t ing between the two gam quanta because of the f in i te  
lifetime of the  intermediate level. 

A t  strong interactions and long l ifetimes,  t h i s  

Such a d i f f e ren t i a l  measurement i s  of great i n t e re s t  f o r  t he  theory of per- 
turbed angular correlations. 
t i o n  f i e l d s  a t  the  nuclear s i t e  and as t o  properties of t h e  nuclei i n  excited 
s ta tes ,  including magnetic moments and quadrupole moments. In  addition, inte- 
gra l ly  measured angular correlations can be corrected f o r  perturbations a f t e r  a 
d i f f e ren t i a l  measurement. 
determination, on the  basis  of an integral  measurement, i s  possible only a f t e r  
a correction fo r  perturbation. 

The method permits statements a s  t o  the  perturba- 

This i s  of decisive importance since an exact spin 

2. Different ia l  Measuring Method 

The principle of any experimental determination of angular correlations 
consists in measuring the  coincidence counting r a t e s  between two detectors, a t  
d i f fe ren t  angles. Here, the difference between the in t eg ra l  and d i f f e ren t i a l  
methods i s  the  following: In t h e  integral  method, the coincidences a re  summed 
up over a l l  delays T.  The coincidence counting r a t e  i s  measured on ly  under dif-  
ferent angles. Conversely, in the d i f f e ren t i a l  technique, the  coincidence 
counting r a t e  i s  additionally observed a s  a function of t he  delay time T between 
the two gamma quanta. 

& 

For t h i s  coincidence counting rate N(9 ,  T) ,  an expl ic i t  expression i s  ob- 
tained from the  following considerations: 
cay, t he  delay times a r e  dis t r ibuted i n  accordance with a €unction g(T) = 
= A  . exp (-AT), where h denotes the decay constant of t he  intermediate level.  
Since t h e  coincidence arrangement has a f in i te  time resolution AT, the  delay 
time T cannot be defined exactly and only the  in te rva l  from T t o  T + AT i s  
covered. The probabili ty of recordin a coincidence i n  t h i s  interval ,  a t  an 
angle 8, is  given by the  expression g I T )  AT W(8,  T, s). If NO allows for  
t h e  detection probabili ty and the  activity,  then the following expression i s  ob- 
tained fo r  the number of coincidences a t  an angle 9 and the  delay time T between 
the gama quanta: 

Because of the l a w  of radioactive de- 

- A t  N ( $ , ? I =  N&-e w(d,,.t, s 1 AT 

To permit as accurate a s  possible a measurement of N(8, T) ,  t h e  requirement t h a t  

3 
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AT 5 l/h must be made on the time resolution of the coincidence stage. 
ly, an accurate determination of the the differences is no longer possible for 
the case AT 9 l/h,  and the differential method passes over into the integral 
method. 

Obvious- 

Ever since the development of multichannel analyzers, a simple method for 
measuring N(8, T )  has been the use of time-pulse height converters. 
verter represents a coincidence stage in which the height of the output pulse 
is proportional to the time spacing of the input signals. 
ating principles of such converters have been discussed by M.Forker (Ref.2). 

Such a con- 

The individual oper- 

In the following Section we will discuss the slope of the function N ( 8 ,  T )  

when using the four-detector instrument described in Chapter 111. /6 
After briefly outlining the measuring principle, the time resolution prop- 

erties of the apparatus are discussed since, as W i l l  be demonstrated, these 
properties enter N(8, T )  in a determinantal manner. 
the concept of the '@prompt curve" which is characteristic for the time resolu- 
tion of the coincidence arrangement used. 
the differentially measured coincidence counting rate will be discussed next. 
The result of this study yields an explicit expression for N(8, T), mathemati- 
cally consisting in a convolution integral whose kernel is formed by the prompt 
curve mirrored at the zero point. 

T h i s  discussion leads to 

The influence of this prompt curve on 

3. Time Course of the Coincidence Counting Rate N(8. 7 )  

a) Fast-Slaw Principle 

The four-detector instrument for differential measurement of gamma-gamma 
angular corrections operates on the fast-slow principle which had been described 
repeatedly in great detail (Ref.2, 4,  5). Here, the fast coincidence circuit is 
used for measuring the counting rate N(9 ,  T )  and is built up as follows: Two 
NaI(Ta) scintillation crystals, with attached multipliers, serve as detectors 
that feed their signals, across pulse-shaping stages, to a coincidence loop. 
The latter is based on the converter principle, taken from a suggestion by P.C. 
Simms (Ref.6). The output signals of the converter are analyzed as to their 
pulse heights by means of a multichannel analyzer. 

b) Prompt Curve 

For determining the time resolution properties of this coincidence arrange- 
ment, let us define the permissible difference between two delays 7 1  and 7 2  at 
which two still separable pulse heights at the converter output can be observed. 
These two delays are experimentally realized by means of the 511-Kev positron 
annihilation radiation, in which the the difference of the two gamma quanta is 
exactly zero. 
of cables. 

The delays 71 and 7 2  can then be accurately adjusted by means 

On the basis of its operating principle of converting delay time intervals 
between the input signals into pulse heights, the converter should furnish two 
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di f fe ren t  pulse heights i n  t h i s  experiment. 
multichannel analyzert instead of the  expected two 6-functions, yields  two pulse 
height dis t r ibut ions which a re  mutually displaced i n  position within the  chan- 
nel. The course of the  dis t r ibut ions i s  equal and exhibits a Gaussian distribu- 
t i o n  curve which, on both flanks, passes over i n t o  an e - h e t i o n .  The two delay 
times 71 and 7 2  a r e  coordinated with the d m a  of the  two dis t r ibut ions.  The 
remaining delay times t, which additionally occur i n  the dis t r ibut ion,  a r e  
mainly produced by the  two detectors. Experiments have shown (Ref.2) tha t  the  
detectors superpose s t a t i s t i c a l l y  constant delays t o  the  given t i m e  intervals,  
which a r e  of the order of magnitude of one nanosecond (Ref.3). 
can be demonstrated that  one edge each of the  d is t r ibu t ion  i s  formed by the  
properties of one detector (Ref.2). 

However, an analysis w i t h  the  

I n  addition, it 

A s  demonstrated by the form of this pulse height dis t r ibut ion,  known also 
as prompt curve, the time in te rva l  between 71 and 7 2  can be shorter the more 
narrow the  d is t r ibu t ion  and the steeper i t s  edges. For t h i s  reason, the  half- 
width of t he  prompt curve i s  used i n  t h i s  coincidence arrangement fo r  defining 
the time resolution. 

Mathematically, the  prompt curve should be described by a function V ( t ,  TJ) 
which, i n  the  argument, contains the given delay T J  a s  well a s  t he  remaining de- 
lay  times t occurring i n  the distribution. 
mines only the For t h i s  
reason, V ( t ,  T J  P w i l l  be represented i n  a coordinate system i n  which the  posi- 
t i on  of t h e  prompt curve i s  independent of t he  parameter T J  and i n  which the  
maxinun i s  located a t  the  origin. 
connectivity T - t - T J  fo r  t and TJ. 
obtained fo r  the prompt curve. 

A s  shown by experiment, 73 deter- 
os i t ion  of the  prompt curve but not i t s  general slope. 

Such a system i s  obtained when selecting the  
Then, the expression V(T) = V ( t  - T J )  i s  

c)  Influence of the  Prompt Curve on N(9, 7) & 
Determination of t h e  coincidence counting r a t e  N(9 ,  T),  i n  t h e  coincidence 

arrangement described here, proceeds as follows: A l l  coincidences tha t  produce 
the  same pulse height I a t  the converter output a r e  added. 
on the  bas i s  of the prompt curve, canbe produced by any delay between the  
gamma quanta. 
ferent f o r  each individual delay. 

This pulse height, 

In  t h i s  case, the  probability of causing a pulse height I i s  dif-  

For a quantitative determination of  these probabili t ies,  an a rb i t ra ry  de- 
l ay  T J  between the quanta w i l l  be considered. 
curve of the  form V ( t  - T J )  and, durin d i s in t e  
with the  probabili ty A exp(-A.rj) Wf9, T J  , s r i f  coincidences a t  an angle 9 
are  observed. Then, T J  will appear a t  t he  converter output and the  pulse height 
IJ produced by 7 J w i l l  appear with t h e  probabili ty h . exp(-ATJ ) W ( 8 ,  T ~ ,  s) 

V(TJ  - t).  Any other delay t # T J  between the quanta a lso produces a prompt 
curve i n  which TJ and thus also IJ are present with the  probabili ty V(TJ - t). 
This  means that ,  i n  observations of coincidences a t  an angle 9, any delay t be- 
tween t h e  quanta w i l l  produce the ulse height IJ with the  probabili ty h . 

e-(-At) . W ( 9 ,  t, s) V(TJ - tp. The t o t a l  probabili ty f o r  t he  occurrence 
of IJ i s  then given by the  sum of the individual probabi l i t ies  fo r  each t: 

This delay produces a prompt 
a t ion  of the  nucleus, occurs 
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where the integration s t a r t s  with zero since, f o r  times t shorter than zero, t h e  
expression loses a l l  physical meaning. 
probabili ty of the quanta and the activity,  then the  coincidence counting rate ,  
for  each delay 7 J between the  gamma quanta, i s  given by N(9,  T J )  = NO P(9, TJ) . 
Since the  prompt curve i n  these considerations enters a l l  expressions a s  proba- 
b i l i t y ,  it i s  necessary t o  norm i t s  area t o  1. 

I f  NO i s  t o  allaw fo r  the detection 

For t h i s  reason, N(9 ,  T J )  must 
be divided by the  norming integral .  LS! 

so that, as t h e  finrl mproedan, w obkin 

with Noh 
curve mirrored a t  the  point T = 0 was entered. 

IJb. Ebeame of T t - T J  rad V(-T) = e(T) w i t h  e ( t  - 73 ) t he  prompt 

To calculate the  slope of the function N ( 8 ,  T J ) ,  expl ic i t  expressions must 
be derived for  E ( T )  and W ( 9 ,  t, s ) ,  which w i l l  be done i n  the following Sections. 

4. Anal.vtica1 Representation of t h e  P r o m  Curve 

One of the first arguments for  an analyt ic  representation of V(T) was de- 

Because of the  very rough ap- 
rived by Hrynkievicz (Ref.?) and by Matthias e t  a l .  (Ref.8) who assumed a simple 
rectangular dis t r ibut ion fo r  the function V(T). 
proxhntion, t h i s  assumption furnished only qua l i ta t ive  statements. 
argument (Ref.9) used a Gaussian distribution V(T) = exp(-n(T/ZTR)) where TR 
gives t h e  resolution time of the  coincidence c i r c u i t  (Ref.2). 
again does not suf f ic ien t ly  consider the slope o f t h e  prompt curve i n  so f a r  as 
the curve does have the form of a Gaussian curve i n  the  neighborhood of the  
maxim but d i s t inc t ly  changes in to  a pure e-function along t h e  flanks. 

Another 

This argument 

Since each flank i s  determined by the  properties of one detector (Ref.2), 
the two decay constants h l  and h z  need not be equal, so tha t  the  prompt curve 
may have an en t i re ly  asymmetric slope. In t h a t  case, t h e  half-width w i l l  a l so  
be asymmetrically dis t r ibuted over the two halves of t h e  curve, which makes it 
logica l  t o  introduce a l / e  width 0 1  for  the  right-hand side and of a l / e  width 
0 2  f o r  t h e  left-hand side. 

6 
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mathematical representation of the  prompt curve should contain the  parameters 
h l ,  h2 ,  01, ~2 fo r  f i t t i n g  t o  the  measured prompt curve. According t o  a sug- 
t e s t ion  by C.&ther (Ref.lO), we subdivided the  prompt curve i n t o  four segments 
(Fig.2): s t a r t i ng  a t  t he  l e f t ,  an e-function with the  decay constant 12, fol-  

lowed by a Gaussian curve with the  l / e  width 0 2  

up t o  the maximum, changing a f t e r  the  maximum 
i n to  another Gaussian curve with 0 1  a s  l/e 
width, and then returning again t o  an e-function 
which has h l  as decay constant. 

P 
The mathematical argument then w i l l  read 

as follows: 

F4.2 Slope of the  PIprlC 
Curve 

Here, V(0)  was a r b i t r a r i l y  normed t o  1. 
ments should adjoin i n  a continuously different iable  manner r e su l t s  i n  two con- 
d i t ions  fo r  TI and A as  well a s  for  T2 and B a t  the  contact points T1 and T2, 
from which four equations a re  obtained which yield the following final expres- 
sion for the pmrpt curve: 

I h e  s f fpuh t ion  tha t  the  four subseg- 

Since thus also d(T) ,  as a function reflected at the origin, is known the fol- 
m 

lowing expression is  obtained f o r  the norming in tegra l  I = s(T)dt: - 
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where the terms @(x) represent abbreviations for t h e  Gaussian probabili ty inte- 
gra l  . 
5. Analytical Expression for  the Probability W(9. t. s> 

The expl ic i t  expression f o r  W ( 9 ,  t, s) depends on the type of the  perturb- 
ing  interact ion which may be dependent or  independent of time. 

A typ ica l  example for  a time-independent perturbation i s  furnished by the  
spin rotat ion method. 
a s t a t i c  magnetic f i e l d  which i s  perpendicular t o  the  plane of t he  detectors. 
In t h i s  case, the theory furnishes the following expression for  W(8 ,  t, s): 

In t h i s  method, t he  angular correlation i s  influenced by 

One speaks of time-dependent perturbations whenever the f i e l d s  change t h e i r  di -  
rection a t  t h e  nuclear si te over intervals t ha t  a r e  small with respect t o  l/h. 
For example, t h i s  case exists i n  l i q u i d s  when lfi = lo-' sec, since the  t h p l  
for  a change i n  direct ion of the  perturbation f i e l d s  has a mgnitude of 10- 

t ha t  these perturbations cannot be averaged out but may actual ly  lead t o  a 
strong attenuation of the  angular correlation. 
an expression fo r  It(*, t, e), u a d  the method of the tirpe-dependent perturba- 
t i on  theory and obtdnad 

/12 
t o  

A theoret ical  study by A.Abragam and R.V.Pound (Ref.19) demonstrated sec. 

Abragam and Pound, in deriving 

T h i s  leads t o  an expansion i n  Legendre polynomials, a s  it i s  possible a l so  
i n  the unperturbed case. 
a r e  nuw time-variant and tend t o  zero with TJ, which leads t o  an attenuation of 
t he  angular dis t r ibut ion.  For t h i s  reason, the  parameters A, a r e  known as a t -  
tenuation factors.  
whether e l ec t r i c  o r  magnetic interactions a re  involved, and permit - i n  f a v o r  
able cases - a calculation of the ma e t i c  moment or of t he  quadrupole moment of 
nuclei  i n  excited s t a t e s  (Ref.10, 13r 

I n  the perturbed case, the correlation coefficients 

These depend on the type of perturbation present, i.e., 

In the  subsequent calculations, the expression by Abragam and Pound i s  used 
for  W(0,  t, s), since the four-detector instrument described i n  Chapter I11 was 
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. 
b u i l t  fo r  an accurate measurement of t h e  at tenuation factors  h k .  
t u t a  this expression into eq.(1) of p.6, we obtain 

On substi- 

1 '. 

On t he  basis  of these f o r d a s  i t  i s  possible t o  calculate the  coefficients 
Ak(Tj) and thus a l so  the a n g d a r  correlation as a function of t he  delay t h e  73 
of the  gamma quanta, provided that the coincidence counting r a t e  N(9, 73)  is  
measured on three different  angles. The procedure fo r  calculating these coef- 
f i c i e n t s  f romthe coincidence counting r a t e s  had been described a t  various oc- 
casions (Ref .12) . 

/13 

In  the following Sections, the t h e  course of the individual coefficients 
will be discussed i n  more de ta i l .  

6. Course of the  Coefficient ao('r3) 

The t ime variance of the coefficient ~ ( T J )  i s  given by t h e  following equa- 
tion: 

A s  t h i s  equation shows, measuring the  course of ao(Tj) of fe rs  a poss ib i l i ty  f o r  
determining the  decay constant h .  However, f o r  t h i s  it is necessary t o  know 
the  function H(73). 
which cannot be given i n  a closed form. 

T h i s  i s  represented by a convolution o r  faltung in tegra l  

Nevertheless, the following consideration shows t ha t  despi te  t h i s  d i f f i c u l t y  
it i s  possible t o  determine A :  
function e(T) i s  integrated i n  H ( T J ) ,  whereas the left-hand s ide i s  included in- 
t o  t h e  integration only a t  increasing delay. 

For 75 0, only the  right-hand s ide of the 

The newly added contributions of 

9 



T) tend t o  zero f o r  large 73 ,  so t h a t  
H t 7 5 )  changes i n t o  a constant value H. This 
means that ,  f o r  suf f ic ien t ly  large delays 73,  
the coeff ic ients  ao(7j) decrease t o  a pure 
bfunct ion whose decay constant i s  given 
only by h . The delay 71(, from which h can 
be determined i n  t h i s  manner, can be defined 1 by an approxhate  calculation of the  func- 
t i o n  H(TJ ) .  Such a calculation was made on 
an IBM 7090 computer. 
expected, the magnitude of the  delay 7 k  de- 
pends on the  slope of t he  prompt curve. In 
addition t o  the  prompt curve, the  decay con- 
atLnt h also enters the value of t he  con- 
stant H, which i s  plotted i n  Fig.,!+. 
d a t i n g  the  function given in t h i s  diagram, 
t i to prompt curve of Fig.3 was used. -, Fig.3 shows tha t  t h e  curve ao(7J ) and 
tbs simple e-function a r e  displaced pa ra l l e l  
t o  each other. The width of t h i s  stagger i s  

It was found that ,  as 

For cal- 

Further- 

-* * ;nsw 

Fig.3 Slope of t h e  Functions determined by t h e  constant H. 
ao(75 and H ( ~ J  1. 

For a possible f i t t i n g  of the  function 
ao(T3) t o  t he  test data, t h i s  s h i f t  i s  of 

importance since the  compensation must be done i n  such a manner tha t  t he  calcu- 
la ted  and measured values W i l l  coincide f o r  large delays. 

If the  slope of the  prompt curve i s  k n m ,  t h e  function ao(+iJ ) can be 
calculated i n  first approximation; it is then possible t o  make a f i t t i n g  f o r  de- 
termining h t h a t  considers a lso t h e  times TJ < Tk. 
cause of the fac t  that these additionally used t e s t  points have a smaller sta- 
t i s t i c a l  error.  

/15 
T h i s  i s  of importance be- 

I n  such a f i t t i ng ,  the unknown value 07 of t h e  time zero 75 = 0 

I 

I 

Fig.& Course of H. mg.5 )c as a Function of A t .  

10 
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enters  the  value of h .  In Fig.5, the  percentual deviation of t he  decay con- 
s tan t  from i t s  r e a l  value i s  plotted against AT, i n  which all t e s t  data were 
f i t t e d .  

In  addition, the  value of h i s  further changed i f ,  for calculating a0 (TJ ), 
In  t h i s  case, the influence of the  parameters h l  

The reason fo r  t h i s  phenomenon i s  as 
I n  the  calculation of ao(TJ), t he  right-hand side of t he  prompt curve 

Since the  l a t t e r  occurs less frequently in a nuclear disin- 

a wrong prompt curve i s  used. 
and 01 i s  greater than tha t  of 12 and 02. 
follows: 
gives the  influence of the  delays t < 73 w h i l e  t he  left-hand s ide allows fo r  
t he  delays t > 73 . 
tegrat ion than the times t < TJ, the  influence of the  right-hand s ide of the  
prompt curve on the  values a0 (73 ) and thus a lso on 1 must be greater than tha t  
of the  left-hand side. 

7. Course of the Coefficients A t  ( 7 3  

After determining h ,  it becomes possible t o  use the  slope of t h e  coef- 
f i c i en t  Ak (75 ) f o r  calculating the magnitude of t he  attenuation fac tors  h k  and 
of the angular correlation coefficients A k ( 0 ) .  For this, t h e  equation 

i s  used. 
lays  TJ > Tk, passes over i n t o  a simple e-function. Furthermore, an accurate 
def in i t ion  of the  prompt curve i s  not necessary in the  case of minor attenua- 
t ions since, i n  first approximation, t h i s  curve i s  canceled out f romthe  quo- 
t i en t .  
expanded 1- t o  the follarjng expression: 

Here again, the slope of the angular correlation coefficients,  f o r  de- 

Furthermore, in the case o f  weak attenuations, the  e-function can be & 

These equations indicate  that,  a f t e r  introduction of a 
A k ( 0 )  and h k  a re  easy t o  determine graphically. 
t he  T axis, the  value Ak (0) i s  located a t  
be described i n  more de ta i l ,  determination of the  time zero point TJ = 0 en- 
counters d i f f i c u l t i e s  i n  the measured curves. 
a t e  knowledge of t h i s  point i s  of importance; it was found tha t  t h i s  point was 

axis, t he  parameters 
Since t h e  axis  d i f f e r s  from 

= 0 ra ther  than a t  TJ = 0. A s  Will 

For the curve f i t t i n g ,  an accur- 
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correct ly  selected only i f  the f i t t i n g  furnishes a value Ak (0) f o r  t h e  ins tan t  
F = 0. 

The physical meaning of the  times E will be explained beluw. 

8 .  Mean Delay Time 

The existence of a prompt curve has the consequence tha t  gamma quanta whose 
delay t d i f f e r s  from 73 may contribute t o  the  number of coincidences N(9,  TJ ). 
The contribution probabili ty f o r  each t was given by A V(7j  - t )  e-(-At) 

W ( 8 ,  t, s ) .  
average between the quanta, ie de- by the following expression: 

Thus, the delay which, i n  measuring N(9,  TJ ), had existed on the  

where F ( 8 )  denotes the mean delay t h e  
Pk (cos 8 

Since the product Ak (0) exp(-Akt) 
i s  small with respect t o  1, t h i s  delay t h e  can be represented a l so  

by the simplifiad -aim /12 

If this simplification were not possible, then a calculation of the  coefficients 
A k ( 7 j  ) from the  three counting r a t e s  N ( 8 i  , 73 ), (i = 1, 2, 3 )  would be erroneous 
since, a t  each counting rate ,  a different delay had existed on the average be- 
tween the  gamma quanta. Thus, events would be combined tha t  timewise do not be- 
l o n g t o  ether. Therefore, t o  define accurately i n  haw f a r  the approxjmation 5 
f o r  t (9  '5 i s  permissible, the function F(9) w a s  calculated i n  first approxima- 
t ion.  
value of 0.4. A s  shown by a calculation a t  t he  angles 90 , 135', and 180°, t h e  
maximum deviation of t he  function 
t i o n  i s  en t i re ly  permissible. 

For the  coefficients A ~ ( o ) ,  a value of 1 w a s  assume and fo r  h k / h ,  a 

from r(9) i s  O.lZ$. Thus, the approxima- 

9. In tegra l  Attenuation Factor 

By means of the d i f f e ren t i a l  attenuation factors  h k ,  in tegra l ly  measured 
angular correlation coefficients can be corrected fo r  attenuation. This i s  done 
by the  in t eg ra l  attenuation factors  C& whose correlation with the  1, can be de- 
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f ined by the following considerations: 
lu t ion  TR i s  large i n  comparison with the l ifetime of the intermediate level, 
so tha t  a l l  delays t < TR furnish a coincidence signal with equal probability. 
The prompt curve then changes in to  a rectangular dis t r ibut ion of constant height 
A and of length TR. 
coincidence counting rate: 

I n  in tegra l  measuranents, the time reso- 

I n  t h i s  case, the following expression i s  obtained f o r  the  

with the in tegra l  attenuation factors  Gk = h/(A + Ak). 

111. DESCRIPTION OF AN INSTRUMENT FOR D1FFE;RFSTTIAL M E ; A S m T S  
OF ANGULAR CORRELATIONS 

/18 

1. P u m s e  and Amlicabi l i tv  of the  Instrument 

I n  t h i s  Chapter, an instrument constructed f o r  d i f f e ren t i a l  measurement of 
angular correlations w i l l  be described. The conventional arrangement (Ref -2, 
l.4) of two detectors w a s  modified t o  one with four detectors, which permits a 
more accurate measurement of the parameters X ,  A k, and Ak (0). 

This equipment, because of t h e  above modification, permits a quadruple 
simultaneous measurement of one and the same angular correlation, thus furnish- 
ing four  values f o r  each parameter w i t h  which a weighted mean value can be de- 
termined. 
i n  comparison with the conventional arrangement . This reduces the  s t a t i s t i c a l  error of the resu l t s  by a factor  of 2 

These more accurate r e su l t s  a r e  of special  i n t e re s t  f o r  the  attenuation 
factors,  since the theory by Abragam and Pound permits statements - from the  
r a t i o  X l f h 2  - as t o  the  type of  the perturbing interaction and, i n  favorable 
cases, even permits calculation of the moments of excited nuclear levels. 

We had originally intended to use the instrument f o r  measuring the  attenua- 
t i on  parameters hk a t  nuclear levels  whose lifetimes are  within t h e  domain of a 
few nanoseconds. This places s t r i c t  requirements on the time-resolution proper- 
t ies.  
nanoseconds and, secondly, the flanks must be as steep a s  possible meaning t h a t  
t h e  half-value width of t h e i r  descents must be close t o  1 nsec. 

F i r s t ,  the  half-width of  the prompt curve must not be more than a few 

2. Detectors 

A s  mentioned before, the slope of the  prompt curve i s  determined almost ex- 

13 



. 
elusively by the detectors which, i n  our case, consisted of N a I ( T 1 )  crystals  
w i t h  attached multipliers.  I n  these detectors, the following fac tors  a re  of 
importance fo r  the time resolution: response probability f o r  the incident gamma 
energy, decay time of the excitation centers, amplification fac tor ,  and t rans i t -  
time f luctuat ions of the multipliers. The influence of these quant i t ies  and 
of the  ac t iv i ty  on the slope of the prompt curve had been investigated i n  d e t a i l  
and discussed by M.Forker (Ref.2). 

/19 

To reach a s  great a s  possible a response probability f o r  high-energy quanta, 
3"  x 3" NaI(T1) crystals  were used i n  two of the four detectors. 
mul t ip l ie rs  were of the XF' 1040 type manufactured by the Valvo Co., having an 
amplification fac tor  of lo8 at 3 kv high voltage applied, and a t r ans i t  time 
f luctuat ion of 1 nsec (Ref -3). 
c rys ta l s  were used i n  the other two detectors, to which the  l4-stage multi l i e r  
56 AVP w a s  connected. These multipliers had a current amplification of 10 
high voltage of 2 kv and a t r a n s i t  time f luctuat ion of 0.5 nsec ( R e f . 3 ) .  

The decay time of N a I ( T 1 )  s c in t i l l a to r s  i s  close t o  250 nsec. 

The &-stage 

For recording low-energy quanta, 1.5" X 2" NaI(T1) 

a t  a 

To obtain 
detectors with shorter decay times, p las t ic  s c in t i l l a to r s  can be used whose ex- 
c i t a t ion  centers decay with about 10 nsec. The drawback of these types i s  tha t  
they have almost no energy resolution, since t h e i r  photoelectric response proba- 
b i l i t y  i s  very low. 
p l a s t i c  material, which permits a detection of gamma quanta only over the Comp- 
ton e f fec t .  

The reason f o r  t h i s  l i e s  i n  the low ordinal  number of the  

Another poss ib i l i ty  f o r  obtaining detectors with rapid decay times i s  to  
use Ma1 crys ta l s  without addition of thallium. I n  these, however, c rys ta l  cool- 
ing i s  necessary f o r  obtaining a satisfactory l i g h t  yield since the optimum l i g h t  
yield i s  close to  8OoK (Ref.15).  
time of 45 nsec. This  i s  by a factor  of 5 l e s s  than i n  thallium-activated 
crystals.  Its energy resolution i s  also be t te r ,  so that the  thallium-free 
c rys ta l s  have be t te r  properties than the thallium-activated types. Their dis- 
advantage l i e s  i n  the necessary cooling which necessitates an extensive cooling 
arrangement (Ref.16) while s t i l l  requiring l i gh t  conductors, a f a c t  that  might 
cancel some of the good properties of T1-free crystals.  I n  the instrument de- 
scribed here, we scheduled the use of T1-free c rys ta l s  instead of the 1.5" X 

X 2" NaI(T1) sc in t i l l a tors ,  fo r  which reasor a cooling device was additionally /20 
instal led.  

A t  t h i s  temperature, the c rys ta l  has a decay 

For tes t ing  the time resolution of the  apparatus, coincidence measurements 
We used ei ther  a 1.5" X 

Other time resolution 

were made with 511-Kev positron annihilation radiation. 
X 2" o r  a 3" x 8" crystal. 
close t o  350 ppsec and whose half-widths were 1.8 nsec. 
measurements were reported by K.Krien (Ref -13) . 
mechanical and the electronic arrangements of the i n s t m e n t a t i o n  w i l l  be d e  
scribed . 

These furnished prompt curves whose slopes were 

I n  the following Sections, the 

3 . Mechanical Arramement 

To calculate the  ra t io  X,/X, 
the coeff ic ients  A a ( 7 5  ) and A4(-r3 . it i s  sufficient t o  determine the slope of 

For this, measuring the coincidence count- 
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ing r a t e  N ( 8 ,  73)  a t  the  three angles of 90°, 135', and 180' i s  adequate. 
producing these three angles, the following arrangement was made: 
with the small crys ta l s  1 and 2 make an angle of 90' and a r e  r ig id ly  mounted t o  

For 
The detectors 

a rotary t ab le  having a di- 

S e t t i n g  f S e t t i n g  2 S e t t i n g  3 
m e t e r  of 1010 m. The two 
detectors with the  large 
c rys ta l s  3 and 4 a r e  mounted 
t o  a sector W which i s  ro- 
t a ted  about t he  source Q i n  
the tab le  plane by means of 
a Dunker motor. This motor 
w i l l  be designated as  "trac- 
t ion  motor" i n  w h a t  follows. 

1,. oc It. c The reason f o r  the ::: 5 
' r l  c I, .  .I. 111 c I* v ::: == r i g i d  mounting of the two de- 

s i re ,  when necessary, t o  make 
the small c rys ta l s  exchange- 
able for  T1-free NaI sc in t i l -  

Fig.6 Detector Arrangement. l a tors .  The cooling device, 
required i n  tha t  case, would 
prevent any s h i f t  of the de- 

*I' c I. c 

0 Source t ec tors  1 and 2 i s  the de- /21 
I W Carr iage  

A Savivel ax is  
f135Oto detector  3 )  

tectors .  

When the sector W goes through the three positions shown i n  Fig.6, the 
three required angles 90°, 135", and 180' can be established between the de- 
t ec to r  3 r ig id ly  connected t o  the  sector and the detectors l resp. 2. 
detector 4 were r ig id ly  mounted to W, it would become impossible to form an 
angle of 180' between t h i s  sector and the detector 1 or  an angle of 90' with the  
detector 2. This d i f f i cu l ty  can be overcome by swinging the detector 4 over the  
detector 3 when moving the  sector from the  set t ing 2 t o  3. 
i s  executed about the axis A, which together with the detector 3 includes an 
angle of 22.5'. 

If the 

This swivel motion 

For balancing the weight of the detector 4,  a counterpoise displaceable by 
Rotation of 

The axis 

means of a lever arm (not shown i n  Fig.6) i s  attached to the  axis. 
t h i s  axis, which then i s  easy to do, takes place over a V-belt by means of a 
second Dunker motor which w i l l  be designated below as "swivel motor". 
itself can be shif ted i n  the plane of the table ,  t o  permit a collimation. 

Mounting of the detectors l a n d  2 and of the source i s  done exactly a s  de- 
scribed in ea r l i e r  papers of our research group (Ref.U, 17). 

4. Electronics 

The electronics of the instrument can be subdivided into f i v e  parts:  eight 
coincidence c i rcu i t s ,  four peak s tabi l izat ion circui ts ,  fourteen counters, one 
multichannel analyzer, and one automatic device f o r  controlling the movements 
and measuring course. 
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a )  Coincidence Circuits 

The instrument requires eight coincidence c i r cu i t s  since, behind the de- 
tec tors  3 and 4,  two single-channel discriminators are mounted which makes it 
possible to  select  two powers. 
d i f fe ren t  angular correlations between the detectors 1 and 3 resp. 1 and 4. For 
t h i s ,  four coincidence c i r cu i t s  a r e  required. 
angular correlations a r e  measured also between the detectors 2 and 3 resp. 2 and 
4, four additional coincidence circui ts  a r e  again required. 
dence c i r cu i t s  operate on the fast-slow principle  and have exactly the  same ar- 
rangement. 
(Ref.2, 4 ,  5). 

This  permits simultaneous measurement of two 

Since, i n  addition, these two 

/22 

A l l  eight coinci- 

This  coincidence principle has been discussed a t  various occasions 

C Converter  
1. L i m i t e r  
B1 B l o c k i n g  
D D i s c r i m i n a t o r  
EF E m i t t e r  f o l l o w e r  
S S i n e l e  channel 
SC Slow c o i n c i d e n c e  
FC F a s t  c o i n c i d e n c e  
P Peak s t a b i l i z e r  
W Wobble s i n g l e  channel  

Fig.? Block Diagram of a Coincidence Circuit. 

Figure 7 gives the block diagram of one of the circui ts .  The electronics 
used i n  the slow portion and consisting of amplifiers, s inglechannel  discrimi- 
nators, and coincidence stages, was purchased from the  Comic Radiation Labora- 
t o r i e s  and has been described i n  detail in an e a r l i e r  paper by our research 
group ( R e f .  12) . 

A s  shown i n  Fig.", the output signals of the slow coincidence c i r cu i t s  /22 
a r e  fed to  a routing unit .  T h i s  t r iggers the gate of the multichannel analyzer 
f o r  passing the  converter pulse and, simultaneously, ensures tha t  each pulse i s  
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stored in the  correct subgroup o r  register.  
mode and the design of this building block as well  a s  on the  necessary mixer 
was published by K.Krien (Ref .13 ) .  

A paper on the accurate operating 

To make the eight s l o w  coincidence c i rcu i t s  mutually complete3y inde- 
pendent, an additional coincidence output was b u i l t  in to  the s inglechannel  dis- 
criminators of the detectors 3 and 4 (F..C. 1/41 for the  detector 4 i n  Fig.”) 
which, j u s t  a s  the  already present outputs, has a var iable  delay time and a 
variable resolving time. 
sary for rendering adjustment of the instrument simpler and more concise. 

Such decoupling of the  coincidence c i r cu i t s  was neces- 

b) Multichannel Analvzer 

Since eight different coincidence counting rates N ( 8 ,  TJ ) are to  be 
measured and since t h i s  i s  done successively on three  angles, the multichannel 
analyzer must have 24 subgroups. 
low a channel capacity of these subgroups, I28 channels were used f o r  the s ize  
of each subgroup. 
locations. 
multichannel device with 4096 storage locations. 
coincidence spectra i n  the remaining 1028 channels. 
vantage i n  correcting f o r  admixtures by other energies. 

So as not t o  impair the  resolving power by too 

T h i s  required a multichannel analyzer of a t  least 3072 memory 
Since such an analyzer was not commercially available, we used a 

We have scheduled t o  measure 
This would be of great ad- 

c) Counters 

The output pulses of the eight slow coincidence c i r cu i t s  as w e l l  a s  the in- 
dividual counting rates of the six singl*channel discriminators a r e  registered 
i n  a counting unit .  
t i v i t y  drop, and misalignment of the  source. In  addition, these counting ra tes  
permit calculation of the in tegra l  angular correlation, so that the instrument 
i s  capable of making d i f f e ren t i a l  as well a s  i n t eg ra l  measurements. 

used having a capacity of lo8 pulses, while the eight counters f o r  the coinci- 
dence counting ra tes  operate a t  200 kc and have a capacity of lo5 pulses. These 
fourteen counters were purchased i n  one large uni t  from the Ransom Research Co. 
Th i s  u n i t  permits read-out of the  counter contents into a typewriter and, if de- 
sired,  i n to  a tally tape punch i n  the IEN code. 

This i s  done to correct f o r  accidental  coincidences, ac- 

& 
For recording the individual counting rates ,  onemegacycle counters a re  

d) Peak Stabi l izat ion 

The conventional method f o r  peak s tab i l iza t ion  (Ref.17) , consisting in a 
readjustment of the high voltage a t  the multiplier,  could not be used here. 
Fluctuations in the high voltage produce var ia t ions i n  the  t r a n s i t  time of the 
electrons which may be undesirable when measuring time relations.  
reason, a peak s tab i l izer  was instal led which controls the height of the energy 
pulses without changing the  high voltage. 
making one resistance variable a t  a voltage divider c i r cu i t  i n  the  emitter fol-  
lower Et’ (Fig.?). 

For t h i s  

Essentially, this i s  obtained by 

This  resistance i s  formed by the  in te rna l  impedance of an in- 



candescent lamp, which is  dependent on t h e  current. 
of t he  peak s tab i l iza t ion  has been given by E.Gerdau (Ref .18) .  

A more accurate description 

e) Automatic Control 

The fu l ly  transistorized automatic control un i t  has two functions; one is 
t o  control the machine cycle and the  other i s  to regulate the  k ine t ics  of the 
detectors,  which is  complicated by the  necessary swivel of the  detector 4. 
parts of the automatic un i t  w i l l  be described i n  m r e  d e t a i l  below. 

Both 

a) Machine Cvcle 

The concept of "machine cycle" comprises the following processes: connect- 
ing and disconnecting the  counters and the  multichannel analyzer a t  the  begin- 
ning and end of the measuring period; printing of the sector posit ion and the 
counter contents on typewriters and, if desired, on tape punches. 

& 

T i m i n n  device. The duration of the measuring time i n  one sector posit ion 
can be prescribed by means of a clock o r  timer. 
from the Phi l l ips  Co. 
and 4 X lo4 sec o r  between 0.01 min and 4 X 10' min. The accuracy of these in- 
t e rva l s  i s  0.0% and i s  determined by the tolerance of the 1Gkc quartz c rys t a l  
o s c i l l a t o r  which controls the clock. 

This timing device was purchased 
and permits sett ing of 15 time in te rva ls  between 1 sec 

After the se t  time has elapsed, the timer produces a pulse which is  fed t o  
the connected automatic control u n i t  and r e se t s  the  clock t o  zero. 

Disconnection of multichannel analvzer and Ransom counters. The s ignal  
supplied to  the automatic control i s  branched there and i s  fed to a t r igger  o r  
toggle ( A 6 1  i n  Fig.8) and to  tm flip-flops,  designated i n  Fig.8 by tally-FF 
resp. by MC-FF. 
change t h e i r  output voltage. 
i n  t he  multichannel analyzer and closes a gate i n  the Ransom uni t .  
simultaneously disconnects a l l  fourteen counters. 
age of t h e  t a l l y  fl ip-flop t r i p s  a mercury relay which connects the  motor of t h e  
t a l l y  tape punch. 

These flip-flops, a f te r  being triggered by the clock signal, 

This gate 
This causes interruption of the analyzing process 

The al ternat ing output volt- 

P r i n t k  of the sector msi t ion .  The se t t ing  a t  which the respective 
measurement i s  taking place i s  printed on punch tape and typewriter before the 
fourteen counting rates ,  i n  order t o  check whether - during a given measurement - t h e  sector set t ings were changed i n  the correct sequence. 
t r iggered by the clock signal and i s  done across the toggle A 6 1  - A73. I n  t h i s  
case, t he  toggle A 6 1  i s  used f o r  delaying the  clock s ignal  by 1 sec, fo r  two 
d i f f e ren t  reasons: On the one hand, the printing of t he  sector posit ion i s  not 
t o  be fa l s i f ied  by s t ray  pulses of the cut-in t a l l y  motor and, on the other hand, 
the punch-tape pr in te r  will operate correctly o n l y  when its motor has reached 
f u l l  rpn. 

This printing is  

/26 

For this, approximately 1 sec i s  needed. 

The signal, delayed by the A 6 1 ,  t r iggers the toggle A71which gives off two - 
pulses of 0.3 sec length of opposite polarity. 

18 

The posi t ive pulse t - 2 i s  fed 



. 

t o  the  Ransom unit  and there induces printing of t h e  sector position. The nega- 
t i v e  signal t - 2 is  delayed through t h e  toggle A62 by 0.3 sec and then t r iggers  
t h e  toggle A72. 

Fig.8 Block Diagram of the Automatic Control U n i t .  

- 
This toggle o r  f l i p f l o p  furnishes the  two output signals t - 1 and t - 1, 

of which the posit ive signal i n  the  Ransom un i t  has two functions: first,  that /27 
of actuating t h e  tabulator of t h e  typewriter, by which, after printing of the 
sector position, a spacing t o  the subsequent counting rates i s  l e f t .  Secondb, 
a sent inel  i s  punched into the  tape, required f o r  la ter  processing of the  tape 
i n  a computer. The negative s ignal  t - 1 i s  delayed through the  toggle A63 by 
0.3 sec and then t r iggers  t h e  toggle A73. 

Thg output pulses t and t of this fl ip-flop have a length of 2 sec; of 
these, t instructs  t h e  Ransom unit t o  pr in t  a l l  fourteen counter contents, w h i l e  
t causes the sector to change i t s  setting. 

Chame i n  sector setting. This change i s  produced by the  t rac t ion  motor 
whose c i r c u i t  i s  interrupted only when the  sector has reached one of i t s  various 
positions. A t  t h i s  instant,  a spring mounted to t he  sector throws a microswitch 
mounted t o  the  r o t a r y  table. 
such switch - interrupts  t h e  current of the  t ract ion motor as long as t h e  switch 
r mains  depr es sed . 

T h i s  microswitch - each sector posit ion has one 

The exerted pressure can be canceled by an electromagnet whose c i r cu i t  i s  
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shortrcircuited f o r  the length of the pulse t (2 sec). For th i s ,  t he  pulse i s  
passed through the  amplifier stage A8b and fed to  a mercury relay which closes 
the c i r cu i t  of the magnet. 

Connecting of the  magnet current fo r  2 sec i s  suff ic ient  since, during t h i s  
time, the sector together with the spring has moved so f a r  away from the  micro- 
switch tha t  a new throwing of the switch i s  prevented. 

Start ing of the  timing device. While t h e  sector i s  moving, both t y p m i t e r  
and tape punch p r in t  the  contents of a l l  fourteen counters. 
obtained set t ing,  t h e  new microswitch is  thrown, ground potent ia l  i s  supplied t o  
the stage A8a. 
dence conditions a r e  furnished by the  following processes: throwing of the  new /28 

A s  soon as, i n  the  

This stage i s  a t r i p l e  coincidence c i r cu i t  whose three coinci- 

microswitch, termination of printing of the 
counter contents, and end of swiveling of the 
detector 4. If these three conditions a re  met, 
the output signal of A8a i s  delayed through the  
toggle A64 by 3 sec, which t r iggers  the toggle 
A74 0 

I This  output s igna l  has a duration of 0.2 sec 
and has two functions: It re se t s  the Ransom 

I fl ip-flop and the MC f l ip - f lop  to  zero so that 
'.Urn I.OC*) a new analysis and counting can be s tar ted;  i n  

addition, it restarts the  clock. stage 82 

When moving the sector from position 1 t o  
--e- ..- position 1 resp. f r o m  3 to 3, it may happen that 

the printing of the counter contents takes longer 
Fig.9 Stage A2. than t h i s  motion. In that case, two coincidence 

conditions will be present a t  the  stage A8a, if 
t h e  Ransom u n i t  furnishes the  th i rd  condition 

after end of the printing. 
t a l l y  fl ip-flop and thus disconnects the tally motor. 
of the output signal through the A8a, the s t ray  pulses of the t a l l y  motor would 
coincide with the  opening of the multichannel analyzer and of t h e  counters. 
This could lead t o  errors,  which a r e  avoided by the delay l i n e  A64. 

However, t h i s  t h i rd  condition also t r iggers  the 
Without the  3-sec delay 

Selection of the Ransom unit: StaRe A2. To represent the number of a sector 
posi t ion electronically,  the infomation furnished by throwing of the micro- 
switch i s  used. 
number 

This information i s  converted in the stage A in to  a binary 
realiEed a t  the output by the poten t ia l  s t a t e  of the two points a and b 

(Fig.9L 

I n  t h i s  respect, t he  following data of the  microswitch should be given: 
The switch i s  a commutator with three external contacts, of which one i s  cori- 
nected t o  ground potent ia l  (see Fig.10). T h i s  potent ia l  i s  fed t o  one of the 
other  contacts, depending on whether the microswitch i s  depressed o r  not. 
contact which, in the depressed s ta te ,  has ground potent ia l  i s  then connected t o  
the  stage A2 which converts the information in to  the  desired binary number. For 
t h i s  purpose, a diode matrix able to convert numbers from 1 t o  3 in to  the  binary 
system i s  ins ta l led  a t  the input. 
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The integrator  following the  matrix i s  re- 
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quired f o r  moothing since the  switch contacts of the  microswitch a r e  springy, 
which superposes parasite osc i l la t ions  t o  the output signal of the stage during 
i t s  rise. 

The two t rans is tor  loops, following th i s ,  a r e  overdriven amplifiers and 
apply a voltage of 0 v o r  -I2 v t o  the  points a and b. 
these two points then expresses the number of the  sector position i n  binary form, 
,in accordance with the fo.Uowing scheme: 

The poten t ia l  s t a t e  of 

lfr . a b  
1 -12Y OY 
2 OY -12v 
3 -12v -12Y 

These output voltages a re  fed to the  stage A 3  and t o  the routing unit. 

Stage A I .  Printing of the numbers 1 t o  3 over the  Ransom uni t  i s  real ized 
by applying a voltage of -I2 v t o  the  corresponding points i n  the output logic  
over an OR gate. However, t h i s  can be done only a t  the  instant  a t  which the 
number i s  to  be printed, since otherwise malfunction of the counter contents 
read-out might occur. 

Th i s  i s  the reason f o r  ins ta l la t ion  of the stage A3.  T h i s  stage feeds the  
information from A2 over the number of the sector se t t ing  t o  the OR gate a t  the 
instant  at which t h e  pulse t - 2 appears, since - 
pulse t - 2 i s  generated which t r iggers  t he  printing. Electronically, A 3  con- 
sists of a diode coincidence c i r cu i t  i n  which the  pulse t - 2 furnishes one of 
the coincidence conditions while -12 v of  A2 gives the  other condition. 

simultaneous with this - t he  

Pulses i n  the Ransom unit. During the  pr int ing on punch tape, an odd 
This means 

La 
number of holes must be produced f o r  each d i g i t  i n  the IEN code. 
t h a t  an addi t ional  hole must be punched a t  the number 3. 
parity check and, when necessary, must be produced additionally by the signal 
t - 2. 
logic  and the typewriter logic but also t o  the  odd-parity generator. 

This i s  known a s  odd- 

For t h i s  reason, the s ignal  i s  fed not only t o  the perforator-drive 

- 

The pulse t - 1 reaches the tabulator logic and carriage-return logic  over 
an OR gate and the  typewriter logic  over another OR gate. 

B) Routine: Process 

I n  general, a given measurement s t a r t s  i n  the  sector posit ion 1. 
print ing t h e  number of this posit ion on the  typewriter and the tape punch, change- 
over t o  the  posit ion 2 is  made. 
must be swiveled over the detector 3. After this slewing motion is  terminated, 
t h e  swivel motor continues operating f o r  one second to t ighten the  V-belt. 
i s  to  ensure proper position of t h e  detector 4. I ts  position, whether swiveled 
o r  not, i s  electronical ly  fixed by the two microswitches I and I1 (see Fig.10). 
These switches a r e  mounted to t h e  disk which i s  engaged by the V-belt, and are 

After 

When continuing t o  posit ion 3, the detector 4 

This 
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thrown by a cam i n  accordance w i t h  the detector position. 

I n  posit ion 3, two measurements are made during which time the polar i ty  of 
the t ract ion motor and of the swivel motor i s  reversed between the two measure- 
ments. T h i s  double re turn t o  position 3 is  necessary f o r  obtaining an equal 

hficro- 
switch 
Micro- 
s w i  t ch 
Micro- 
swi tch 

Micro- 
switch 
Micro- 
swi tch 

Fig.10 Block Diagram of the 
Routing Aut omat i c  . 

nunber of measuranents i n  a l l  sector posi- 
t ions a t  the  end of a given measuranent. 

On returning t o  posit ion 2, t he  swivel 
motion is  reversed i n  which case t h e  swivel 
motor again runs f o r  one second longer to  
t i gh ten  the V-belt. Two measurements a re  
again made i n  posit ion 1, with intermediate 
pole reversal  of t he  motors. 

The portion of the automatic unit, &l 
controlling t h i s  routing process, operates 
in accordance with the  block diagram shown 
i n  Fig.10 and w i l l  be described in more de- 
t a i l  below. 

Position 1 t o  posit ion 2: So long as 
none of the microswitches 1 - 3 i s  thrown, 
current w i l l  f l o w  through the relay R5. 
relay i s  tripped and thus closes the c i rcu i t  
of the t rac t ion  motor so tha t  the  sector 
w i l l  move. The relay i s  necessary since the  
traction motor i s  operated a t  an alternating 
voltage of 220 v and the microswitch is  un- 
able t o  switch such voltages. 

This 

Posit ion 2: On depressing the  switch (2), t h e  current through R5  i f  inter- 
rupted, t h e  relay opens and thus disconnects the  t rac t ion  motor. 
po ten t ia l  i s  then fed to the stage A2. The output s ignal  of t h i s  stage a t  the 
point b i s  supplied t o  the double coincidence stage A35 and produces there  the 
f irst  coincidence condition. The second condition i s  given by the  stage A2 of 
t h e  microswitch I which i s  depressed a t  the  sector posit ion 2. The throwing of 
t he  microswitch 2 thus causes an output s ignal  t o  appear a t  the  stage A35. The 
rise edge of the  signal t r iggers  the flip-flop 1 (FF1) which causes the gate G 1  
t o  open. 

The ground 

A green l i gh t  indicates this opening. 

The relay R1, shorbc i rcu i t ing  the swivel motor, i s  so arranged that  it 
will t r ip  only when the point b i s  at ground potential .  
ever one of the two microswitches 2 o r  3 i s  not depressed. 

T h i s  is the case when- 

The output signal of A35 is  also fed t o  t h e  gate  G2 and the fl ip-flop 2 
(FF2). I n  contrast t o  the FF1, the FF2 does not respond to this rise edge so 
that the  gate  G2 remains closed by FF2. For t h i s  reason, the f l i p f l o p  FZT, 
which responds t o  the  r i s e  edge, cannot be tr iggered now. 
f o r  l e t t i n g  the swivel motor, across the re lay  R 2 ,  continue running f o r  one more 
second. 
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This f l i p - f lop  is  used 
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Position 2 to ucsi t ion 3: Because of the pulse t, the pressure exerted on 
T h i s  closes the 

A t  the output b of 
the microswitch 2 i s  relieved by means of the electromagnet. 
c i r c u i t  across the re lay  R5, and the sector begins to  move. 
A2, ground potent ia l  w i l l  now be present; since the  gate G1 is  now open, the 
relay R1 can be tripped. 
swivels the  detector 4. 

This closes the c i r cu i t  of the swivel motor and 

Since the coincidence condition i s  no longer sa t i s f ied  f o r  the stage A35, 
a pulse appears a t  t he  output to which the  FF2 w i l l  respond. This f l i p f l o p  i s  
triggered and thus opens the  gate G2. A s  with the other gate, opening of t h i s  
gate i s  indicated by a green l ight .  These l i g h t s  make it possible to decide a t  
the  beginning of a given measurement whether t h e f l i p f l o p s F F 1  and FF2 had been 
fl ipped i n  the right position. 
be made from the outside. 

If this i s  not the case, proper adjustment can 

Posit ion 3: Throwing the switch 3 disconnects the  t rac t ion  motor. The 

The c i r cu i t  of t h e  swivel motor remains closed across the  relay &, 
output po ten t ia l  of -12 v a t  the point b disconnects t he  current across the re- 
l ay  R1. 
since the  swiveling takes longer than the t r a v e l  and since none of the  two 
switches I and I1 had been depressed during the  swiveling. 
t h e  current by the  relay 
pressed a t  the  end of the swivel process. 

An interruption of 
takes place only when the microswitch I1 i s  de- 

This again s a t i s f i e s  the  coincidence condition a t  the A35, so t h a t  an out- 
put pulse i s  produced. 
f l ip-f lop FZT, so that the  c i rcu i t  of the swivel motor across the  relay R2, i s  
kept open f o r  the duration of the  tr igger pulse (1 sec). 

The rise edge of this pulse is now able t o  t r i gge r  t h e  & 

I n  addition, the  r i s e  edge also t r iggers  the flip-flop 1, which again 
closes the gate G1. 

Posit ion 3 to  ucsi t ion 3: If the microswitch 3 is no longer depressed, the 
ground poten t ia l  appearing a t  the  point b can no longer t r i p  the  relay R1 since 
the gate  G 1  i s  closed. 
cidence condition no longer being sa t i s f ied  - t r iggers  also t h e  f l i p - f lop  FF2 
and thus closes the  gate G2. 

In  addition, the output signal of A35 - with the  coin- 

The traveling sector  contacts a polereversing switch mounted t o  t h e  rotary 
table,  which changes t h e  direction of the current flowing through both swivel 
and t r ac t ion  motor by means of a miniature polar relay. 

During the  return motion, the sector again occupies posit ion 3 and the  
corresponding microswitch i s  depressed. 
which t r igge r s  the  fl ip-flop FF1 and thus opens the gate G1. 
cannot be triggered since G2 is closed. 

This causes A35 t o  produce a s ignal  
The f l ip-f lop FZT 

Posit ion 3 to m s i t i o n  2: Since the  gate  G 1  i s  open, t h e  swivel motion 

After the swiveling process i s  
takes place as soon as  the microswitch 3 i s  no longer depressed. Simultaneous- 
ly, t he  FF2 f lops  back, opening the  gate G2. 
terminated, the  output s ignal  of A35, across the  flip-flop FF1, closes the  gate 
G2 and t r iggers  the fl ip-flop FZT. 
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Position 2 t o  Dosition 1: No swiveling takes place when the  switch 2 is  no 

The gate G2 
Throwing of the  microswitch 1 has no 

longer depressed, since the fl ip-flop FTlkeeps the gate G1 closed. 
i s  a l so  closed by the  output pulse of A35. 
influence on t h i s  par t  of the automatic uni t .  

Position 1 t o  TX, s i t i o n  1: When the sector moves on from posit ion 1, it & 
again encounters a pole-changing switch which changes the  current direction 
through both motors. The returning sector then resumes posi t ion 1. 
f r o m  t h i s  position, t he  en t i re  above-described process begins anew. 

On moving 

IV. INTERPRETATION OF A DIFFEaESTIAL MEASUREMENT L22 
1. Descrirhion of the Commter Proaramiq 

Processing of a given measuranent, f o r  the apparatus described here, can be 
done only on an electronic computer because of the large volume of data. 
used the IBM 7090 computer of the Ins t i t u t e  f o r  Instrumental Mathematics of the  
University Bonn. 
data i n  three steps. 

We 

For t h i s  computer, we developed programs f o r  processing the 

I n  the first step, the data of the fourteen counters and the  content of the 
multichannelmemory a r e  t ranslated from punch tape to punch cards. 
prepared a program which permits a correct t ranslat ion of the data even if  
punch-tape errors a re  present. 

For this, we  

I n  a second step, a second program i s  used f o r  calculating, f r o m  the  punch- 
card data, t h e  course of the coefficients ao(TJ ) and A k ( ~ j  ) as wel l  as t h e i r  
e r rors  f o r  a l l  eight angular correlations. Corrections a r e  made f o r  drop i n  
counting rate,  misalignment, backscattering effects, and accidental  coincidences. 
The mathematical apparatus, forming the basis  f o r  these calculations, had been 
described i n  an e a r l i e r  paper of our research group (Ref .12) 
coeff ic ients  and t h e i r  e r rors  a re  printed i n  tabulated form a s  wel l  as  punched 
on punch cards. 
(see p.17) are  calculated and writ ten out. 

The calculated 

I n  addition, the coefficients of the in t eg ra l  coincidences 

I n  a th i rd  step, theore t ica l  curves a r e  f i t t e d  t o  the experimentally deter- 
mined coefficients,  whose slope can be calculated by means of the formulas 
given i n  Chapter 11. 
scribed i n  more d e t a i l  below. 

For this, a t h i r d  program was prepared which w i l l  be de- 

2. Matchim Method 

F i r s t ,  we w i l l  describe the matching method used as basis  f o r  our program. 

Let L j  be the observed data and l e t  the  following be valid:  

Here, t he  first term represents t h e  functional value of the function F(X,) 
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. 
a t  the point j, while X, are  parameters on which t h i s  function depends. 
parameters a re  the items to  be matched. 
servation generally a re  not f r e e  of errors, the following more accurate expres- 
s ion i s  needed: 

These 
Since t h e  values L J  as found by ob- 

This  equation i s  s t r i c t l y  valid only if the parameters XI a re  accurately known. 
However, i n  most cases only t h e i r  approximation Y, i s  known, so tha t  also the 
parameters must be given small increments AY, t o  have the equation remain s t r i c t -  
l y  valid: 

F (Y +AYi) .. (L +V ) = 0 .  3 i  3 3  

It i s  now assumed tha t  the improvanents of the parameters a re  so small that t h e i r  
squares can be neglected. 
yields  the  equation 

A Taylor expansion, which then becomes possible, 

U s i n g  t he  abbreviations 

we obtain the  equation 
w 

Here, t h e  subscript j ranges from 1 t o  a number W tha t  gives the number of ob- 
servational data. A matching of the  parameters i s  possible only if t h e i r  number 
P i s  smaller than W. I n  this case, an overdetermined system of equations ex is t s  
fo r  ai,  which can be uniquely solved by adding a minimum condition. 
d i t i on  consists i n  the requiranent that  the increments v3 a re  to form a minimum. 

Stated more accurately, the least-square deviations 

minimal. 

This con- 

W 

T vf = [wl must become 
j =1 

This yields  t h e  systan of so-called normal equations: 

W 

If the calculated increments AY, a r e  added t o  the i n i t i a l  values Y,, new values 137 
f o r  the parameters a r e  obtained, with which t h e  calculation can be repeated. 
This  leads t o  an i t e r a t ion  process which can be terminated a s  soon as  t h e  incre- 
ments drop below a certain value. 
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. 
This matching method can be expanded i f  the e r rors  of the observational data 

In that case, a weighted matching i s  per- a re  to  be taken into consideration. 
formed, i n  which the  square of the reciprocal e r ror  of an observational value i s  
used as its weight PA 
obtained which a re  derived from the old equations on multiplication by t h e  
weights . 

With t h e  a id  of these weights, new normal equations a r e  

The e r m r  of the  matched parameters i s  composed of an e r ror  determined by 
the s t a t i s t i c a l  accuracy of the t e s t  data and of another e r ror  due t o  the scat- 
t e r  of t h e  t e s t  data. The error  due to the  s t a t i s t i c s  can be calculated accord- 
ing t o  the  formula A I  = Jm, where (r,i)-L represent the  e lmen t s  of the 
diagonals of the matrix reciprocal t o  (ri ). 

The er ror  due t o  the scat ter ing reads 

3. MatchilvT of the Coefficients aO(T4) 

a) Calculation of the Different ia l  Quotients 

The theoret ical  slope of the coefficients ao(TJ) i s  given by the  formula 

The parameters t o  be matched a re  the  decay constant X and t he  norming fac tor  NO 
which l a t t e r  must be so adapted during the  calculation that  the theore t ica l  curve 
and t h e  t e s t  data coincide f o r  la rge  delays (see p.10). 

These delays a re  realized i n  our experiment by the  channel number o f  the 
multichannel analyzer and thus are  capable only of discrete  values. 
it i s  en t i re ly  possible that the  time zero point does not coincide w i t h  a channel 
number. 
time axis: 

& 
Therefore, 

For t h i s  reason, the following mathmatical  argument is  derived f o r  the  

Here, AT i s  the time in te rva l  ( for  example, in nanoseconds) between two channel 
numbers, while the parameter B, i n  units of AT, indicates  t h e  distance of the 
time zero from the f irst  channel number a t  which TJ > 0. 

Ekperimentally, this point can be determined by measuring the prompt curve 
a t  the  same instrument set t ing a t  which t h e  measurement had been made. 
o ther  hand, it might happen that,  i n  measuring on a cascade, prompt coincidences 

26 

On the 



of other t rans i t ions  a re  included so that a prompt curve i s  established near the 
time zero, by means of whose maximum the  time zero can be d e t e d n e d .  

However, t h e  zero point can be determined more accurately by including p 
as a th i rd  parameter in to  the  matching calculation. For this, the  three dif- 
f e r e n t i a l  quotients ZJ ,  must be calculated, f o r  which the following equations 
a r e  obtained: 

b) Approximate Calculation of the Integrals 

It i s  impossible to represent the faltung integrals,  occurring i n  the  calcu- 
l a t ion  of d i f f e ren t i a l  quotients, in a closed form; consequently, an approxima- 
t i on  method must be used f o r  t h e i r  determination. This method consists i n  re- 
placing the reflected prompt curve e ( t  - 75 ) by a s tep function, which makes 
it possible to  resolve the faltung integral  into a sum of calculable integrals .  

m 
For this, the  transformation t - 75 = TI  i s  introduced, and the new time 

AT AT 

axis is  subdivided into intervals  of a length AT. 

have the form (TI - -2, Tr + T )  the reflected prompt curve i s  considered as 

constant and the  value el = €(TI ) i s  substituted for the constant. 

W i t h i n  these in te rva ls  which 

This yields  

where N i s  the number of points of the prompt curve of TI. For determining the  
values e l ,  the  formulas f o r  the prompt curve can be used (p.7), if a time axis, 
ref lected at the  neut ra l  point, i s  used i n  the calculation. 
obtained by the argument TI = (+ + I - 1) AT. I n  t h i s  formula, the quantity 
CY was taken from the  prompt curve where this quantity gives the  distance between 
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T = 0 and an instant Ta > 0. 
t h i s  instant,  the  prompt curve i s  already very small r e l a t ive  to  i t s  maximum. 
The minus sign i n  f ron t  of the parameter a furnishes the desired time reflection. 

When using the  given approximation formula f o r  the faltung integral ,  caution 

Here, Ta i s  determined i n  such a manner that, a t  

mst be exerted i n  determining the  
start of summation K. 
that, in the  neighborhood of the zero 
point, the  expression TJ + TI = t be- 

l*Nl.la $nctr,# comes smaller than zero. T h i s  means 
that the function c(T) a t  the  point 73 
allows also fo r  contributions due to 
negative delays between the gamma 
quanta, which would have no physical 
meaning. Therefore, K must be so se- 
lected tha t  r5 + T, 2 0. For small 
times 73 , this means tha t ,  i n  integrat- 
ing over I, a portion of the  function 
€ ( T I )  i s  omitted. 
shown hatched i n  Fig.ll.  
y ie lds  

It might happen 

I 

. T h i s  portion i s  - -  - 1 . h - C  - - - - -  - _ _  - - - _  _ _  - 
'1 5.0 i 

For K, this /LO 

Fig. l l  For Selecting K. 

The bracket around S means that, f o r  K, the  smallest integer  which is  la rger  or 
equal t o  S must be taken. 
t he  d i f f e ren t i a l  quotients: 

This furnishes the following f inal  expressions f o r  

4. Matching of the Coefficients A k ( 7 $ )  

The theore t ica l  slope of these coefficients i s  given by the equation 
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The parameters to be matched a re  A k ( 0 )  and x k  in this case. 
parameters X and B a re  used furthermore i n  the calculation. 
f e r e n t i a l  quotients can be calculated by m e a n s  of the fdlbwing fonnulas: 

The already matched 
The required dif- 

I n  the  interpret ive programing, described below, we  provided also for the  case 
t h a t  t he  slope of the  coefficients A k ( T j )  shows a superposition of two e-fun- 
t ions.  In this case, the equation f o r  A k ( T j )  is  expanded i n  the form 

I n  t h i s  event, the  four parameters A,,(O),  Akz (0), h k l ,  and 
f o r  which the following four  d i f f e ren t i a l  quotients are required: 

must be matched, 



. 

Matchim Program 

The computer program fo r  performing the mentioned calculations i s  able  to 
provide f o r  simultaneous matching of eight angular correlations. 
consists of one main program and seven subprograms o r  subroutines. 

The program 

The m a i n  program i s  subdivided into f ive independent sectors;  i n  t he  first, 
a l l  necessary data and control signals a r e  writ ten in to  a par t  "Arr. 
read out in the  pa r t  ?,Bvr, f o r  control. The second sector, using the  subroutine 
llPFUIMPT1l, calculates i n  the part A the  function e(T)  f o r  each angular correla- 
t i o n  to be matched. I n  the par t  B, the ~ 5 - m i . s  is  calculated f o r  each measure- 
ment, f o r  which an estimated approximation value f o r  @ had been read in. 
d i f f e ren t i a l  quotients aj ,  bj , and gj are  calculated i n  par t  A of the sector 3, 
a f t e r  which the normal equations a r e  derived. For t h i s ,  the  subroutine rrINTEGR" 
i s  used, which perfoms the approximate calculation of the integrals  by means of 
the described summation. Matching of the time zero, i.e., calculation of the 
gj, can be disconnected as desired, which w i l l  be necessary whenever a prompt 
s t ray  is  present. 
would require a matching t o  points not f a r the r  amy from the zero point than 
t h e  maxjmum width of the prompt curve. 

These a re  &? 

The 

I n  t h i s  case, a zero-pint matching i s  impossible since t h i s  

I n  addition, the mean delay time i s  calculated; f o r  this, an approxima- 
t i on  formula similar to t h a t  f o r  the different ia l  quotient can be given. 

The sector B calculates the d i f fe ren t ia l  quotients cJ and ej o r  - i f  
desired - also d j  and fd, a f t e r  which the normal equations are  derived. 
sector,  computation is  s tar ted only a f te r  the matching t o  ao(TJ) i s  terminated, 
i.e., a f t e r  X and possibly also R a r e  accurately known. 

I n  this 

I n  the sector 4 ,  part  A solves the system of noma1 equations which i s  de- 
termined by aj , b,, g s .  
use of the subroutine LE&. 
only the system formed by a, and b, w i l l  be solved. 

, T, - a re  com- 8 calculating the increments, the relat ive variations - 
pared with the introduced values, f o r  each angular correlation t o  be matched. 
If the relative changes do not drop below these values, the program returns  t o  
par t  2B where it starts with a new calculation of the  ~ ~ - a x e s .  
correlations whose re la t ive  changes have dropped below the accuracy threshold, 
the  i t e r a t ion  i s  terminated. 

The solution is  performed by matrix inversion, making 
If the zero-point matching has been disconnected, 

In  this same part, a f t e r  
N O  

NO 
M AB 

For a l l  angular 

A t  t h e  instant  a t  which the i te ra t ion  has ended f o r  a l l  angular correla- 
t ions,  the  computation i s  continued i n  part 3B. Here, t h e  d i f f e ren t i a l  quotients 
0 3  and e$ as w e l l  as, i f  desired, dj and f j  are calculated fo r  matching t o  the  
coefficients Ak (75 ) . 

& 

These are solved i n  the sector 4, pa r t  B, using t h e  LZQ program. I n  this 
portion, interrogation of the re la t ive  variations takes place. After terminating 
the  i te ra t ion ,  computation i s  continued i n  the sector 5. 

I n  this sector, the errors due to scattering and s t a t i s t i c s  a r e  f i rs t  
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computed, using the  subroutine ERROR. By means of the  subroutine CALIB, the 
decay constant and attenuation factors  can then be converted into time uni t s  
( fo r  example, nanoseconds) with the a i d  of known calibrations of channel units. 
I n  the renaining portion of the sector 5, the r e su l t s  a r e  then printed out i n  
the  form of tables  with headings. 

I n  the  en t i r e  matching computation, the  point from which matching i s  to  
start a s  w e l l  a s  the point a t  which matching i s  to stop can be given f o r  each 
angular correlation. 

V. MEASURFMENTS ON YTTETIBIUM-172 && 

1. The 1095-Kev Transition i n  Yb172 

I n  e a r l i e r  work done by our research group, we used the  angular correlation 
technique f o r  making investigations on Yb172 (Ref .17, 19). 
attempt t o  determine the m i x i n g  r a t i o  of the 1095-Kev t ransi t ion.  
spins of the par t ic ipat ing l eve l  a r e  known, this t rans i t ion  should contain an 
M1 and an E2 component. 

I n  this, we made an 
Since the 

Measurements of the angular correlation on the  1095-79 Kev and the  
91-1095 Kev cascades yielded 6 = 10.3 4 2.3 and 6 = 0.275 + 0.025 as solutions 
for the  sought mixing parameter. 

Since the 203-K~ transi t ion exis ts  as a crossover within a ro ta t ion  band 
of pure E2 radiation, the  theore t ica l  angular correlation coefficients of the 
203-1095 Kev cascade can be calculated by means of the indicated mixing para- 
meters. These are a s  follows: 

An experimental determination of these coefficients is carried out over an 
analysis of coincidence spectra, recorded with a two-detector instrument 
(Ref .17) .  
s ince the  measured Aawas located exactly between the above-given values and 
since an A 4  differing from zero could not be measured outside the  e r ror  limits. 

The r e su l t  could not be reconciled with any of the theore t ica l  values, 

I n  measuring the 203-1095 Kev angular correlation, it must always be taken 
in to  consideration tha t  a strong Compton component of higher energetic quanta 
i s  located below the  203-Kev line, which f a l s i f i e s  the resul t .  I n  t h i s  case, a 
d i f f e r e n t i a l  measurement has the  advantage over the in tegra l  method tha t ,  i n  i t s  
interpretat ion,  t he  perturbing Compton background of the prompt t rans i t ions  can 
be eliminated. 
t i o n  of the coeff ic ients  of the 203-1095 Kev cascade, by means of the  described 
instrumentation. 
scribed below. 

For this reason, it sewed logica l  t o  make a repeat detemina- 

For th i s ,  three measurements were made, which will  be de- 
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2. Differential  Measuranent of the  203-1095 Kev Cascade &z 
The specimen required for this measurement was prepared i n  the  cyclotron 

of our Ins t i t u t e ,  by a (d, 2n) reaction: 

yb172 (d,2n) Lui7*. 

The source used consisted of LuCL, dissolved i n  0.U HC1. Fiaure U gives the  
enera spectrum, recorded with a l i 5 "  
2 0 F K e v  quanta, the  detectors 1 md 2 
single-channel window ua8 &$a&& to 

Y 
Y 

m 
E 
.d Y 

c 

x 2" N a I ( T 1 )  crystal .  F i r  detecting the  
with the m a l l  c rys ta l s  were used, whose 
the -&hand edge of the l81, 203 Kev 

double peak. Since the  in tens i ty  
r a t i o  of the two lines was not 
accurately known, a more accurate 
adjustment t o  the 203-Kev line w a s  
imp0 s s ib l e  . 

The recording of t he  high- 
energy quanta was done by means 
of the detectors 3 and 4 which 
were especially sui table  f o r  t h i s  
because of t h e i r  large 3" X 3" 
&I( T1) crystals.  Since only one 
angular correlation was to  be 
measured, the use of a single- 

cient f o r  these detectors, so that 
only four  coincidence c i r cu i t s  
were needed. Therefore, 12 sub 
groups a r e  suff ic ient  f o r  this 

Fiq.ll+ hem Spectnm! of Ytterbium-172. measurement even i n  the  multi- 
channel analyzer, f o r  which reason 
these subgroups could be increased 

\j \-- ?ULSG '+ .- 

H ~ , G H (  channel discriminator was  suffi- 

from I28 t o  256 channels. 

The total  measuring period was 15 days w i t h i n  which the  angles were changed 
every 1000 sec by varying the  sector  position. I n  addition, the single-channel 

means of the described programs. I n  matching, a l l  points f o r  which t h e  delay w a s  
l e s s  than 4 nsec were disregarded, so that t he  in te r fe r ing  prompt coincidences 
had no influence on the value of Az(0) and A 4 ( 0 )  . 
set t ings were checked every 3 days, making an intermediate evaluation by .&& 

Prompt coincidences a r e  produced by the f ac t  tha t ,  a t  the indicated energy 
set t ing,  other cascades a r e  also covered. These comprise the  l.404, l.410, and 
1545-Kev t rans i t ion  t o  the 260-Kev level, which a l l  are i n  prompt coincidence 
with the sharp Ul-Kev line and can be detected, over the Compton ef fec t ,  i n  the  
1095-Kev window of the detectors 3 and 4, whereas the 231-Kev l i n e  shows strong 
components in the 2O3-Kev window o f  the detectors l a n d  2. 
1023-1004. Kev cascade furnishes prompt coincidences since the  1023-Kev l i n e  is 
also located i n  the  l O 9 5 - K ~  window and the  1004-Kev t rans i t ion  can be detected 
over the Compton ef fec t  i n  the  detectors 1 and 2. 

I n  addition, the 

T h i s  detection is  made eas ie r  
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. 
because of the f ac t  t h a t  the  backscatter peak of t h i s  l ine i s  located near 
200-Kev. Other prompt components a r e  furnished by the following cascades: 

270 - 1545 Kev, 324 - UqO Kev, 372 - a04 Kev, 410 - U04 Kev. 

I n  a l l ,  the  component of prompt coincidences i s  35% f 5%. A determination of 
the anisotropy of this component, w i t h  respect t o  the  p r io r  in tegra l  measure- 
ment, w a s  unnecessary since correction had been made f o r  a l l  perturbing s t rays  
e i the r  of the retarded o r  prompt type, 

The r e su l t  of the  measureanent comprises the following four values A 2 ( 0 )  
which have not yet been corrected f o r  the f i n i t e  aperture angles of the  d e -  
tec tors  : 

-0,063f0*012 -0,050t0~612 -0e05923,009 -O.O~O*-O.OO?. 

Figure 15 gives these values and the i r  errors; they coincide w i t h i n  t he  e r ror  
l imits .  
t e c t o r  l respectively the  detector 2, were weighted and averaged. These mean 
values are a s  follows: 

For a l a t e r  interpretation, the two  A 2 ( 0 )  values, measured by the de- 

For A 4 ( 0 ) ,  t he  values were 

Detector 9 t pj' zs -O,CO'~ZO.OOS 

Detector a vf +0.00~f0,008b 

3. Dif fe ren t ia l  Measurement of the Compton Backmound 
with t h e  1095-Kev Transition 

The values f o r  the sought coefficients, measured in this manner, must be 
corrected f o r  the Compton s t rays  of a l l  t rans i t ions  that end on the ll74-Kev 
l e v e l  and thus a re  in delayed coincidence with the  1095-Kev line. T h i s  necessi- 
t a t e d  a d i f fe ren t ia l  measurment of the angular correlation of the Compton back- 
ground, located below the 203-Kev peak. 

For this, the single-channel windows of the detectors 1 and 2 were ad- 
justed to  the Compton background a t  300 Kev. T h i s  point was selected because of 
the  f a c t  t ha t  the  broadest single-channel se t t ing  is possible there, which is  of 
importance because of the low counting rate of the  background. 
duced by the  f a c t  
measured, can be neglected since the  Compton trough of this line i s  located 
exactly below the 203-Kev peak. 

The e r ror  pro- 
that the  contribution of the 270-Kev t rans i t ion  was not 

The background measurement took U+ days, i n  which the  sector posit ion was 
The four  individual values f o r  A 2 ( 0 )  and the  weighted changed every 1()0 sec. 

mean value a r e  shown i n  Fig.15. 
corrected f o r  the aperture angle, read as  follows: 

The values f o r  the background coefficients,  not 
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The magnitude of the e r ror  i s  due mainly to the s t a t i s t i c s  which, because of 
the  reduced ac t iv i ty  of t he  sample, was not very high. 

&.I 
However, it can be est i -  

mated that a reduction of the e r ror  by 
half w i l l  lead t o  an improvement of not 
=re than l% i n  t h e  inaccuracy f o r  the 
sought A2. 
i n  the  e r ror  calculation t o  be made, the 
paln fac tor  entering a s  denominator is 
the difference between the  Compton com- 
ponent and the  component of the  203-Kev 
m e .  
W i l l  have to be determined i n  a t h i rd  
paeasuranent . 

203-1095 Ker Background 
c a m  ads 

This i s  due to the  f a c t  that, Detector 1 Detector 2 -- 
The magnitude of these components 

4. RecordinR a Delayed Coincidence 
Spectrum 

Fig.15 Result of F i r s t  and Second This t h i rd  measurement consisted i n  
Measurement . recording, by means of the 1095Kev 

l ine ,  a coincidence spectrum delayed by 
8 nsec, f o r  t he  detectors 1 and 2. 

a measurmentmakes it possible tha t  only those t ransi t ions appear in the spec- 
trum that end a t  the ll'&-Kev l eve l  and thus interfere with t h e  measurement on 
the  203-Kev line.  

which f a c i l i t a t e s  an accurate deter- 
mination of the various components. 

Such 

T h i s  l i n e  i t s e l f  occurs without s t rays  from t h e  l8l-Kev peak, 

-PuAse h e i g h t  

A s  a typ ica l  example, Fig.16 
shows a delayed coincidence spectrum 
of the detector 1. 
channel adjustment t o  the 203-Kev l i n e  
i s  shown as a hatched area. To deter- 
mine the accurate course of the 
Compton background below the  203-Kev 
peak i n  this spectrum, it w a s  neces- 
t o  make a spec t ra l  analysis. This was 
done with a computer program developed 
by WAthenburger (Ref -20). The neces- 
sary reference spectra w e r e  furnished 
by the nuclei: 
Mn54 (840 K e v ) ,  C s I a 7  (662 Kev), 
Na22 (511 Kev), and HgZo3 (279 Kev) . 

Here, t he  single- 

Co6" (ll70 Kev), 

Fig. 16 Delayed Coincidence Spectrum A s  indicated by the  in tens i ty  
of Ytterbium-172, f o r  the Detector 1 
with Single-Channel Sett ing and Indi- 

r a t i o  of the  372-Kev and the 4lSKev 
line,  the analysis i n  the  energy region 
between 200 and 500 Kev i s  not too good vidual Spectra. 
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since, i n  this region, no sui table  reference l i nes  were available. 

For the r a t i o  of 203-Kev to Compton component, the  interpretat ion yielded 
the  following values: 

lhtector 1 t 923/2227 = 0,414 ; Detector 2: 322C,/i253 = 0.545-1 

The la rger  r a t i o  f o r  the detector 2 can be explained by the  f a c t  that t h e  set- 
t i n g  of the single-channelwindow to the 203-Kev line was more favorable here, 
so that a la rger  segment was covered by the  area below the peak. 

The accuracy of the two above ratios,  because of t h e  low number of reference 
l i n e s  available, i s  not more than 20%. 

The r e su l t s  of the three measurements are compiled i n  the  following calcu- 
la t ion :  

Let P l b e  the component of the 203-Kev l i n e  and l e t  P2 be that of t h e  
Compton background. Then, the following argument can be established f o r  t he  
Sought A k  : 

and f o r  the corresponding error: 

It i s  obvious that the  error i s  not greatly influenced by the  inaccuracy of the  
analysis, since the  measuranent showed tha t  Ak (meas.) = Ak (backgr.). 

Conversely, the influence of the  component P 1  of t he  203-Kev l i n e  i s  /52 
very large since it i s  located i n  t h e  denominator of the error. 
component i s  m a l l  because of  t h e  high Compton background, a large e r ror  must be 
expected. 
yields  the following values f o r  the  sought coefficients: 

Since t h i s  

Computation with the  measured values and the  indicated formulas 

A2 I -0,06530,021 A4 0 +3.003:0.025. 

These values a r e  already corrected fo r  the f ini te  aperture angles of the  de- 
tectors.  

Despite the  large error, t h i s  value cannot be made to agree w i t h  t he  theo- 
r e t i c a l  coefficients f o r  A 2  and A4 (p.32). 
crepancy w i l l  be made i n  another report of our research group (Ref.21) 

An attempt t o  explain t h i s  dis- 
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5. Lifetime and Attenuation of the 117L-Kev Level 

From the  first two measurements, the l ifetime and t h e  attenuation parameter 
For defining the lifetime, matching of the eight measured ha can be determined. 

curves f o r  ao(T j  ) was done by means of t he  above-described program. 
values f o r  the l ifetime, calculated f r o m  this, were weighted and averaged, 
yielding the following final value: 

The eight 

P,/2 ( 8.34t0.20 1 nseo. 

T h i s  value, within the  e r ror  limits, agrees with a measurement by Herskind and 
Fossan (Ref.22) who obtained a value of 

f o r  t he  l i fe t ime.  

The matching t o  the  coefficients A2(73), required f o r  calculating the A,(O) 
values, furnishes eight values f o r  the  attenuation parameter Xz, which a r e  
shown i n  Fig.15. The weighted m e a n  yields t h e  following value f o r  1,: 

This large e r ror  can be explained by the deficient s t a t i s t i c s  of t h e  individual 
measurements. Li2 

6. C r i t i c a l  Evaluation of t he  Measurement 

To double the  measuring time, a simultaneous performance of measurements 1 
and 2 could have been done with t h e  described instrument. 

For this, the  two unused single-channel discriminators of t he  detectors 3 
and 4 could have been connected behind the  detectors 1 and 2, whose windows would 
then have had t o  be adjusted to  t h e  Compton background. 
eight coincidence c i r cu i t s  would have been used and the  subgroups of t h e  multi- 
channel analyzer would have to be reduced t o  128 channels; however, this would 
have changed nothing since, in the interpretation of the described measuranents, 
the contents of several  channels were combined f o r  improving the  s t a t i s t i c s .  

I n  t h i s  manner, a l l  

T h i s  type of measurement could not be performed since the  programs f o r  t he  
computer had not been f u l l y  worked out a t  that time so that, with such an ar- 
rangement of the s inglechannel  discriminators, no data processing could have 
been done. 

V I .  SUMMARY & 

I n  this paper, formulas f o r  the  interpretation of d i f fe ren t ia l ly  measured 



angular correlations were introduced and discussed. The time resolution proper- 
t i e s  of an instrument, sui table  fo r  d i f f e ren t i a l  and in t eg ra l  measurements, were 
used as  basis. 

This apparatus had been b u i l t  i n  collaboration with K.Krien and was de- 
scribed i n  Chapter 11. 
l7) ,  t h i s  un i t  had four  detectors, which reduces the s t a t i s t i c a l  error  of the 
t e s t  data by a fac tor  of 2. 
a f u l l y  t ransis tor ized automatic control uni t ,  which i s  described i n  de ta i l .  

I n  contrast to e a r l i e r  arrangements (Ref.2, 12, l4, 16, 

The operation of these detectors i s  controlled by 

The data processing of the four-detector unit i s  done i n  three steps, using 
an IEM 7090 computer for which programs were prepared. The computations re- 
quired f o r  matching with the te.& data a re  discussed, and the resultant program 
i s  described a t  length. 

Finally, a d i f f e ren t i a l  measurement on ytterbium-172 is  discussed, f o r  
which the described equipent ,  the derived formulas, and t h e  computer programs 
were used. With t h i s  measurement, the angular correlation coefficients A2 and 
A 4  of t h e  203 - 1095 Kev cascade were to be determined, f o r  which a d i f f e ren t i a l  
measurement is  especially suitable since it permits an elimination of perturb- 
ing prompt cascades. 

Earlier measurements on t h i s  cascade (Ref.17, 19) have shown that the test  
data  strongly contradict the theoret ical  predictions, so tha t  t h i s  measurement 
was of great interest .  The two values 

A2 -0.06930.021 and A4 - +0.003?0.02!j 
w e r e  determined, whose excessive error was produced by the  strong Compton back- 
ground. 
dictions,  so that a discrepancy remains which w i l l  be the  subject matter of 
another report of our research group (Ref.21). 

This value also was impossible to reconcile with the theoret ical  pre- 

I n  addition, the l i fe t ime of the 1174-Kev l eve l  was measured, whose mag- fi 
nitude of 

E ( S . ~ B t O , Z O  1 nsuc %/2 

agrees with the value determined by Herskind and Fossan of 

withip the e r ror  limits. 

Measurement of the attenuation factor  12 yielded a value of 

hz - (0.Q25t0.010) nrsao'' , 
whose large error  is  due to  the s t a t i s t i c a l  indeterminacy of the measurement. 
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